Molecular oscillators are important cellular regulators of, for example, circadian clocks, oscillations of immune regulators, and short-period (ultradian) rhythms during embryonic development. The Notch signaling factor HES1 (hairy and enhancer of split 1) is a well-known repressor of proneural genes, and HES1 ultradian oscillation is essential for keeping cells in an efficiently proliferating progenitor state. HES1 oscillation is driven by both transcriptional self-repression and ubiquitin-dependent proteolysis. However, the E3 ubiquitin ligase targeting HES1 for proteolysis remains unclear. Based on siRNA-mediated gene silencing screening, co-immunoprecipitation, and ubiquitination assays, we discovered that the E3 ubiquitin ligase SCF FBXL14 complex regulates HES1 ubiquitination and proteolysis. siRNA-mediated knockdown of the Cullin-RING E3 ubiquitin ligases RBX1 or CUL1 increased HES1 protein levels, prolonged its half-life, and dampened its oscillation. FBXL14, an F-box protein for SCF ubiquitin ligase, associates with HES1. FBXL14 silencing stabilized HES1, whereas FBXL14 overexpression decreased HES1 protein levels. Of note, the SCF FBXL14 complex promoted the ubiquitination of HES1 in vivo, and a conserved WRPW motif in HES1 was essential for HES1 binding to FBXL14 and for ubiquitin-dependent HES1 degradation. HES1 knockdown promoted neuronal differentiation, but FBXL14 silencing inhibited neuronal differentiation induced by HES1 ablation in mES and F9 cells. Our results suggest that SCF FBXL14 promotes neuronal differentiation by targeting HES1 for ubiquitin-dependent proteolysis and that the C-terminal WRPW motif in HES1 is required for this process.
Molecular oscillators are important cellular regulators of, for example, circadian clocks, oscillations of immune regulators, and short-period (ultradian) rhythms during embryonic development. The Notch signaling factor HES1 (hairy and enhancer of split 1) is a well-known repressor of proneural genes, and HES1 ultradian oscillation is essential for keeping cells in an efficiently proliferating progenitor state. HES1 oscillation is driven by both transcriptional self-repression and ubiquitin-dependent proteolysis. However, the E3 ubiquitin ligase targeting HES1 for proteolysis remains unclear. Based on siRNA-mediated gene silencing screening, co-immunoprecipitation, and ubiquitination assays, we discovered that the E3 ubiquitin ligase SCF FBXL14 complex regulates HES1 ubiquitination and proteolysis. siRNA-mediated knockdown of the Cullin-RING E3 ubiquitin ligases RBX1 or CUL1 increased HES1 protein levels, prolonged its half-life, and dampened its oscillation. FBXL14, an F-box protein for SCF ubiquitin ligase, associates with HES1. FBXL14 silencing stabilized HES1, whereas FBXL14 overexpression decreased HES1 protein levels. Of note, the SCF FBXL14 complex promoted the ubiquitination of HES1 in vivo, and a conserved WRPW motif in HES1 was essential for HES1 binding to FBXL14 and for ubiquitin-dependent HES1 degradation. HES1 knockdown promoted neuronal differentiation, but FBXL14 silencing inhibited neuronal differentiation induced by HES1 ablation in mES and F9 cells. Our results suggest that SCF FBXL14 promotes neuronal differentiation by targeting HES1 for ubiquitin-dependent proteolysis and that the C-terminal WRPW motif in HES1 is required for this process.
Molecular oscillators (biological clocks) are widespread and important in living cells, such as circadian clocks (1, 2) , the cell cycle (1, 3) , oscillations of immune system regulators (4) , and short period (ultradian) rhythms during somitogenesis (5) (6) (7) . Notch signaling factors HES1 (hairy and enhancer of split 1) and HES7 are periodically expressed in the presomitic mesoderm. Each cycle is associated with somite formation, which is called the segmentation clock (7) (8) (9) (10) . Disruption of the segmentation clock can result in severely disordered somites (8) . Serum stimulation-induced oscillatory expression of HES1 was experimentally revealed in cultured cells, including mouse teratocarcinoma cells (F9), mouse embryonic stem cells (ES), and neuronal stem cells (6, 10 -12) . It is becoming clear that the same oscillation mechanism works in cultured cells and presomitic mesoderm (6, 10, 13) . Furthermore, HES1 is a master transcriptional repressor of proneural genes and precludes neuronal differentiation (14, 15) . The indispensable role of HES1 in regulating neuronal differentiation is evidenced by precocious neuronal differentiation and the hypoplasia of brain in HES1-null mice (16, 17) . HES1 low expression ES cells expressed a higher level of neural marker genes including Tuj1 and Mash1, suggesting that HES1-low cells more efficiently differentiated into neurons (11, 18) . Indeed, these pioneering works suggest that the oscillatory versus sustained HES1 expression are important for keeping cells in an efficiently proliferating progenitor state, whereas constitutive down-regulation of HES1 leads to neuronal differentiation (19 -21) . Therefore, it is now crucial to understand the molecular mechanism of HES1 oscillation.
It is well documented that HES1 oscillation is driven by transcriptional self-repression and ubiquitin-dependent HES1 proteolysis (6) . After activation of HES1 transcription via Notch signaling or serum stimulation, HES1 binds to its own promoter at the putative N-box and represses its own expression (6) . HES1 is highly unstable and degraded with a half-life of ϳ20 min, which results in the release of HES1 from its promoter and allows the next round of HES1 expression (6) . HES1 oscillation was regulated by Notch (12) , Jak2-Stat3 (20) , BMP, leukemia inhibitory factor (LIF) 5 (11) pathways, and miRNA-9 (21, 22) at transcriptional level. It is evidenced that Usp27x, Usp22, and Usp51 deubiquitinate HES1 (23), but the specific E3 ligase for HES1 ubiquitination has not been identified.
Cullin-RING (either RBX1 or RBX2) E3 ligases (CRLs) are the largest family of E3 ubiquitin ligases (24) , which include eight Cullin proteins (CUL1, 2, 3, 4A, 4B, 5, 7, and 9) that form similar CRL complexes. The complex of CUL1 with the RING protein RBX1, SKP1, and F-box protein (CRL1/SCF E3 ligases) mediates the timely proteolysis of many important proteins and acts as a major regulator of various cellular processes including circadian clock (25) (26) (27) (28) , cell cycle (29 -32) , apoptosis (33, 34) , and metabolism (35) . F-box proteins were the substrate-specific receptors for SCF E3 ligases (24, 36 -38) . So far, more than 70 human F-box proteins have been identified in human genome, only a few of them have been characterized (24, 37, 38) . FBXL14, which contains 11 leucine-rich repeats and an F-box motif (37) , can ubiquitinate SNAI1 and c-Myc in mammalian cells (39, 40) . Its Xenopus homologue, Ppa, regulates expression of epithelial mesenchymal transition factors including Twist, Snai1, Slug, and Sip1 in the neural crest development of Xenopus laevis (41) . FBXL14 is also essential for vertebrate axis formation in zebrafish (42) . Deletion of FBXL14 has been reported to associate with the neurological disorders (43) . However, the molecular mechanism of FBXL14 in regulating neuronal differentiation has not been elucidated.
In this study, we found that the SCF FBXL14 E3 ubiquitin ligase targets HES1 for ubiquitination and degradation, elucidating a critical mechanism for the regulation of HES1 oscillation and neuronal differentiation. The comprehensive understanding of HES1 ubiquitin-dependent degradation offers new insights into mouse somitogenesis, neuronal differentiation, and some human neurological disorders.
Results

RBX1 regulates HES1 stability and oscillation
We found that proteasome inhibitor MG132 treatment led to significant increase of HES1 protein level in F9 cells ( Fig. 1A) .
To examine HES1 protein oscillation, we serum-starved F9 cells for 24 h and analyzed temporal changes of HES1 protein level after serum stimulation. The protein level of HES1 oscillated with a period of 3 h, reaching its first peak at ϳ1.75 h, in F9 cells (Fig. 1B) . These results were consistent with those observed by Hirata et al. (6) .
To investigate the potential involvement of CRLs in HES1 proteasome degradation, we initially focused on the potential effects of RBX inactivation on HES1 protein level. We designed siRNAs specifically targeting RBX1 or RBX2, and the efficacy of siRNAs was ϳ85-95% reduction (Fig. 1C ). Knockdown of RBX1 by either of the two siRNAs significantly increased the protein level of HES1, whereas abolishment of RBX2 had a negligible effect on HES1 protein level ( Fig. 1C ), suggesting that RBX1 controls the degradation of HES1. We further performed HES1 decay essay with cycloheximide (CHX, protein synthesis inhibitor) and found that knockdown of RBX1 increased the half-life of HES1 from ϳ50 to ϳ110 min ( Fig. 1D ). These data indicate that RBX1 regulates HES1 degradation and stability.
To study the biological importance of RBX1-mediated degradation of HES1, we investigated whether RBX1 modulates HES1 oscillation. After RBX1 or luciferase (Luc) were depleted by siRNAs for 24 h, the cells were synchronized by serum removal for 18.5 h and readdition of serum. The changes of HES1 protein levels were analyzed at various times after serum restimulation. Our studies revealed that the overall level of HES1 protein in RBX1 knockdown cells was higher than that in control (Luc-siRNA treatment) cells, and RBX1 knockdown damped HES1 oscillation ( Fig. 1E ). In the control group, the protein level of HES1 reached the first peak at ϳ1.75 h and the second peak at ϳ4.75 h; the trough occurred at ϳ3.25 h ( Fig.  1E ). Whereas in the RBX1 depleted cells, the protein level of HES1 reached its peak at ϳ1.75 h and then kept high level without a trough or second peak ( Fig. 1E ). These results suggest that RBX1 regulates HES1 oscillation. Taken together, our studies revealed that RBX1 regulates HES1 oscillation by targeting HES1 for degradation.
CUL1 interacts with HES1 and regulates HES1 degradation
To identify the Cullin that mediates HES1 ubiquitination, we screened Cullins by knocking down each Cullin in F9 cells. We found that knockdown of CUL1, but not other Cullins, induced an increase in the HES1 protein level ( Fig. 2A ). We confirmed this finding by another siRNA specifically targeted CUL1 ( Fig.  2B ). To further test the possibility that another CRL E3 ligase might be involved in the regulation of HES1, we compared the HES1 protein stability in cells treated with CRL inhibitor MLN4924 and CUL1 siRNA. Western blotting showed that MLN4924 treatment and CUL1 knockdown increased comparable fold change on HES1 protein level ( Fig. 2C ). These results suggest that CRL1/SCF is the major ligase that mediates HES1 degradation in CRL E3 ligases. Furthermore, the interaction of HES1, CUL1, and SKP1 was observed in F9 cells after treatment with MG132 for 3 h, which prevented the degradation of HES1 ( Fig. 2D ). Knockdown of CUL1 increased the half-life of HES1 from ϳ50 to ϳ110 min ( Fig. 2E ). These results indicate that the RBX1-CUL1-SKP1 complex interacts with HES1 and regulates HES1 degradation.
We also analyzed the changes of HES1 oscillation after depletion of CUL1. We found that CUL1 knockdown damped HES1 oscillation (Fig. 2F ). The behavior of HES1 in CUL1 knockdown cells phenocopied that in RBX1 knockdown. The overall level of HES1 protein in CUL1 knockdown cells was higher than that in the control cell ( Fig. 2F ). In the CUL1 depleted cells, HES1 protein level reached its peak at ϳ1.75 h and then kept to a high level without trough or second peak ( Fig. 2F ). Altogether, the data presented in Figs. 1 and 2 suggest that the RBX1-CUL1-SKP1 complex modulates HES1 oscillation by directly interacting with HES1 and regulating HES1 degradation.
FBXL14 interacts with HES1 and promotes HES1 proteasome degradation
To identify the F-box proteins that mediate HES1 degradation, we screened the F-box proteins by siRNAs. F-box protein fell into three major classes: FBXWs, FBXLs, and FBXOs.
FBXW means a protein with an F-box motif and WD repeats; FBXL denotes a protein containing an F-box and leucine-rich repeats (LRRs); and FBXO stands for a protein with an F-box and either another or no other motif. We screened all of the FBXW family members (FBXW1, 2, 4, 5, 7, 8, 9, 10, 11, and 12) and FBXL Figure 1 . RBX1 regulated HES1 stability and oscillation. A, MG132 stabilized HES1 in F9 cells. F9 cells were treated with 20 M MG132 for the indicated times, and the cell lysates were analyzed by immunoblotting with antibody for HES1. CUL1 was taken as loading control. Right panel, the relative protein levels of HES1 in blots were quantified by Gel-Pro analyzer 4, which was normalized to CUL1. The means and error bars were generated from three independent experiments. Error bars indicated S.D. The statistical differences between control group (0 h) and experimental groups (1 and 2 h) were measured by paired two-sided Student's t test (**, p Ͻ 0.01). B, serum-induced HES1 oscillation. F9 cells were serum-starved for 24 h, and HES1 protein levels were examined at the indicated times once serum was supplemented. Bottom panel, the relative protein level of HES1 was measured as in A. The means and error bars (S.D.) were from three independent experiments. C, silencing of RBX1 resulted in stabilization of HES1. F9 cells were transfected with 50 nM luciferase, RBX2, or RBX1 siRNAs for 48 h, and cells were harvested for immunoblotting using specific antibodies. Bottom panel, the relative protein levels of HES1 and RBX1 were quantified and normalized to tubulin. The mRNA level of RBX2 was examined using quantitative real-time PCR (right panel). The means and error bars (S.D.) were generated from three independent experiments. The significance of statistical difference between control group (Luc) and experimental groups (RBX1 and RBX2) were calculated as in A. D, knocking down of RBX1 postponed the degradation of HES1. F9 were transfected with siRNA targeting to Luc or RBX1 for 45 h. Then cells were treated with CHX (100 g/ml) for the indicated times, and the protein levels of HES1, RBX1, and tubulin were determined by Western blotting. Bottom panel, the relative protein level of HES1 was quantified and normalized to tubulin. The experiment was biologically repeated at least five times. E, silencing of RBX1 dampened HES1 oscillation. F9 cells were transfected with luciferase or RBX1 siRNAs for 24 h and then cultured for another 18.5 h with serum retraction to starve cells. The protein level of HES1 was examined at the indicated times once serum was supplemented to the medium. Right panel, the quantification of relative protein level of HES1. The experiment was biologically repeated at least five times.
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family members (FBXL1, 2, 3, 4, 5, 6, 7, 8, 10, 11, 12, 13, 14, 15, 16, 17, 18, 19, 20, 21, and 22) , as well as several FBXOs known as SCF adapters (FBXO7, 8, and 24). After repeated experiments, we narrowed down the candidate to FBXL14, whose knockdown by siFBXL14-1 can significantly increase the protein level of HES1 (more than 2-fold) ( Fig. 3A) . We further confirm this finding by another siRNA specifically targeted FBXL14 3Ј-UTR (siFBXL14-2). Knockdown of FBXL14 by either of the two siRNAs significantly increased the protein level of HES1 (Fig. 3A) . To quantify the efficacy of FBXL14 siRNAs, we measured the mRNA level of FBXL14 using quantitative real-time PCR and semi-quantitative RT-PCR because antibodies that recognized FBXL14 were not available. The mRNA levels of FBXL14 were reduced to 10 -25% (Fig. 3A) . The FBXL14 siRNAs efficacy was also tested in stably A, Cullin family screening by siRNA. F9 cells were transfected with 50 nM Luc, RBX1, or Cullins siRNAs as indicated for 48 h, and the cells were harvested for Western blotting. Right panel, the mRNA level of CUL2, CUL3, CUL5, and CUL7 was examined using quantitative real-time PCR. The error bars represent S.D. from three independent experiments. The statistical difference was measured by paired two-sided Student's t test (**, p Ͻ 0.01). B, CUL1 regulated HES1 stability. F9 cells were transfected with 50 nM Luc or CUL1 (CUL1-1 and CUL1-2) siRNAs for 48 h, and the cells were harvested for Western blotting. The quantification of protein levels of HES1 and CUL1 were measured as in Fig. 1A . The error bars represent S.D. from three independent experiments. C, SCF is the major E3 ligase involved in HES1 degradation among CRL E3 ligases. F9 cells were transfected with 50 nM Luc and CUL1 siRNAs for 48 h or treated with 0.5 M MLN4924 for 12 h, and cells were harvested for Western blotting. The quantification of protein levels of HES1 was measured as in Fig. 1A . The error bars represent S.D. from three independent experiments. The statistical difference was measured as in Fig. 1A . D, SCF complex interacted with HES1. F9 cells were treated with 20 M MG132 for 3 h, the cells were harvested and analyzed by co-immunoprecipitation (IP) and Western blotting using antibodies against HES1, CUL1, and SKP1. Rabbit IgG (normal rabbit serum, NRS) was taken as negative control. Immunoblots of whole-cell extracts (WCE) are shown at the bottom. E, silencing of CUL1 resulted in stabilization of HES1. F9 cells were transfected with luciferase or CUL1 siRNAs for 45 h, and the cells were treated with CHX (100 g/ml) for the indicated times. The protein levels of HES1, CUL1, and tubulin were determined by Western blotting. Bottom panel, the relative protein level of HES1 was quantified and normalized to tubulin. F, silencing of CUL1 disrupted HES1 oscillation. F9 cells were transfected with luciferase or CUL1 siRNAs for 24 h followed by serum-withdrawal starvation for 18.5 h. The cells were harvested at the indicated times once serum was supplemented. The protein level of HES1 was examined at the indicated times once serum was supplemented to the medium. Right panel, the quantification of relative protein level of HES1. The experiment was biologically repeated at least five times.
expressing 3ϫ FLAG-3ϫ HA-FBXL14 F9 cells. As expected, siF-BXL14-1, but not siFBXL14-2 (3Ј-UTR), was efficient in depleting exogenous FBXL14 when compared with Luc siRNAs (Fig. 3B ).
HES1 is regulated by self-repression at the transcription level and ubiquitin-dependent degradation at the protein level. To distinguish the effects resulted from protein degra-SCF (FBXL14)-mediated HES1 proteolysis dation or transcriptional regulation, we generated stable F9 cells that expressed exogenous HES1 (3ϫ FLAG-3ϫ HA-HES1) at low level (near or less then physiologic levels). The exogenous HES1 was controlled by exogenous LTR promoter of the recombinant murine stem cell virus (MSCV) retroviral expression system. The expression of exogenous HES1 was lower than that of endogenous HES1, and both exogenous HES1 and endogenous HES1 were very sensitive to MG132 (Fig. 3C ). Furthermore, FBXL14 knockdown significantly increased the protein level of exogenous HES1 (Fig. 3 , D and E). Similar results were observed in both stably expressing 3ϫ FLAG-3ϫ HA-HES1 and 3ϫ FLAG-3ϫ HA-FBXL14 F9 cells. Silencing of FBXL14 notably increased the protein level of 3ϫ FLAG-3ϫ HA-HES1, whereas the protein level of 3ϫ FLAG-3ϫ HA-FBXL14 was dramatically reduced, which was detected by anti-FLAG antibody (Fig. 3E) . These results suggest that the same proteolysis mechanism works on exogenous and endogenous HES1 in this stable F9 cells.
Next, we performed HES1 decay essay and found that knockdown of FBXL14 increased the half-life of HES1 from ϳ50 to ϳ90 min ( Fig. 3F ). This further confirms that FBXL14 regulates HES1 degradation and stability.
To further examine the efficiency of FBXL14 promotes HES1 degradation in vivo, we overexpressed GFP-FBXL14 in F9 cells and GFP-FBXL14 ⌬F (a mutant deleted F-box domain that is required for the interaction with the SCF complex), or pEGFP-C2 vector was transfected as control. As shown in Fig.  3G , transfection of full-length GFP-FBXL14, but not GFP-FBXL14 ⌬F or pEGFP-C2 vector, promoted HES1 degradation.
To determine whether the effects of FBXL14 on HES1 were directly through protein-protein interactions, we immunoprecipitated either HES1 or GFP-FBXL14 in F9 cells expressing GFP-FBXL14 and found that GFP-FBXL14 associated with endogenous HES1 (Fig. 3H ). These results indicate that FBXL14 interacts with HES1 and regulates HES1 degradation.
Because our data indicate that FBXL14 functions to recruit the SCF E3 ligase to HES1 and promote its degradation, we investigated whether SCF FBXL14 stimulates HES1 ubiquitination. GFP-FBXL14, GFP-FBXL14 ⌬F, or pEGFP-C2 were expressed in F9 cells for 44 h, and MG132 was added 3 h before cell harvesting to stabilize ubiquitylated protein.
Lysates were immunoprecipitated with anti-HES1 antibody under denaturing conditions (radioimmune precipitation assay buffer) to ensure that other ubiquitylated proteins were not associated with HES1, and immunocomplexes were analyzed with anti-ubiquitin antibody. Western blotting shows that transfection of GFP-FBXL14 increases the amount of polyubiquitylated HES1 compared with GFP-FBXL14 ⌬F or pEGFP-C2 (Fig. 3I ).
Because of RBX1 and CUL1 regulated HES1 oscillation, we next analyzed the changes of HES1 oscillation after depletion of FBXL14. We found that FBXL14 knockdown damped HES1 oscillation as well (Fig. 3J ). The behavior of HES1 in FBXL14 knockdown cells phenocopied that in RBX1 or CUL1 knockdown cells. Altogether, the data presented in Figs. 1-3 suggest that the RBX1-CUL1-SKP1-FBXL14 complex modulates HES1 oscillation by directly interacting with HES1 and regulating HES1 proteolysis.
The conserved WRPW motif is essential for HES1 binding to FBXL14 and degradation
Next, we tried to map the regions in HES1 that affected FBXL14 binding to HES1. HES1 contains a highly conserved WRPW motif at its C terminus (Fig. 4A ). We constructed a 3ϫ FLAG-3ϫ HA-HES1 ⌬C mutant, which deleted the C-terminal WRPW motif (Fig. 4A ). 293T cells were co-transfected with FLAG-3ϫ HA-FBXL14 F9 cells were transfected with 50 nM FBXL14-1 or FBXL14-2 siRNAs as indicated for 45 h, and the cells were harvested for Western blotting. The protein levels of exogenous FBXL14 and CUL1 were determined by Western blotting as indicated. C, the protein level and stability of exogenous and endogenous HES1 in stably expressing 3ϫ FLAG-3ϫ HA-HES1 F9 cells. The protein levels of exogenous and endogenous HES1 were determined by Western blotting using anti-HES1 antibody (left panel) and quantified as in Fig. 1A , which was normalized to histone H3 (right panel). The statistical difference between control group (DMSO) and experimental groups (MG132) was measured as in A. D, FBXL14 regulated the stability of exogenous HES1. Stably expressing 3ϫ FLAG-3ϫ HA-HES1 F9 cells were transfected with luciferase or FBXL14 (FBXL14-1 and FBXL14-2) siRNAs for 45 h. The protein levels of exogenous HES1 (3ϫ FLAG-3ϫ HA) and CUL1 were determined by Western blotting using indicated antibodies (left panel) and quantified (middle panel). Right panel, the mRNA level of FBXL14 was examined and quantified as in A. The error bars represent S.D. from three independent experiments. The statistical difference between control group (Luc) and experimental groups (FBXL14) was measured as in A. E, deletion of FBXL14 stabilized exogenous HES1. Stably co-expressing 3ϫ FLAG-3ϫ HA-HES1 and 3ϫ FLAG-3ϫ HA-FBXL14 F9 cells were transfected with FBXL14 (FBXL14-1) or luciferase siRNAs for 45 h, and cell lysates were immunoblotted using anti-FLAG antibody. Right panel, the protein levels of exogenous HES1 (3ϫ FLAG-3ϫ HA) and FBXL14 (3ϫ FLAG-3ϫ HA) were quantified. The error bars represent S.D. from three independent experiments. The statistical difference between control group (Luc) and experimental groups (FBXL14) was measured as in A. F, silencing of FBXL14 resulted in stabilization of HES1. F9 cells were transfected with luciferase or FBXL14 siRNAs for 45 h, and the cells were treated with CHX (100 g/ml) for the indicated times. The protein levels of HES1 and tubulin were determined by Western blotting. Bottom panel, the relative protein level of HES1 was quantified and normalized to tubulin. G, FBXL14 promoted HES1 degradation. F9 cells were transfected with pEGFP-C2 (Vec), pEGFPC2-FBXL14 ⌬F, or pEGFPC2-FBXL14 for 48 h, and endogenous HES1 and exogenous FBXL14 were detected by Western blotting. Bottom panel, the protein levels of HES1 was quantified. The error bars represent S.D. from three independent experiments. The statistical difference between control group (Vec) and experimental groups (GFP-⌬F and GFP-FBXL14) was measured as in A. H, FBXL14 interacted with HES1. F9 cells were transfected with pEGFPC2-FBXL14 for 48 h, and the cells were treated with 20 M MG132 for 3 h, harvested, and analyzed by co-immunoprecipitation (IP) and Western blotting. The experiment was biologically repeated at least three times. I, SCF complex promoted HES1 polyubiquitination in vivo. GFP-FBXL14, GFP-FBXL14 ⌬F, and pEGFP-C2 were expressed in F9 cells for 44 h, and MG132 was added 3 h before cell harvesting to stabilize ubiquitylated protein. Lysates were immunoprecipitated with HES1 antibody under denaturing conditions (radioimmune precipitation assay buffer), and immunocomplexes were analyzed with the indicated antibodies. Immunoblots of whole-cell extracts were shown at the bottom. J, silencing of FBXL14 disrupted HES1 oscillation. F9 cells were transfected with luciferase or FBXL14 siRNAs for 24 h followed by serum-withdrawal starvation for 18.5 h. The cells were harvested at the indicated times once serum was supplemented. The protein level of HES1 was examined at the indicated times once serum was supplemented to the medium. Bottom panel, the quantification of relative protein level of HES1 and the relative mRNA level of Fbxl14. The experiment was biologically repeated at least five times.
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pMSCV-3ϫ FLAG-3ϫ HA-HES1 or pMSCV-3ϫ FLAG-3ϫ HA-HES1 ⌬C mutant, and pEGFPC2-FBXL14 or pEGFPC2-FBXL14 ⌬F, respectively, to detect association between FBXL14 and HES1 by co-immunoprecipitation. Our studies show that deletion of the WRPW motif reduced the interaction between HES1 and FBXL14 (Fig. 4B) . Six amino acids were deleted on the C-terminal of HES1. B, deletion of WRPW motif reduced the interaction between HES1 and FBXL14. 293T cells were co-transfected with pEGFPC2-FBXL14 and pMSCV-3ϫ FLAG-3ϫ HA-HES1 or pMSCV-3ϫ FLAG-3ϫ HA-HES1 ⌬C. Co-immunoprecipitation (IP) was performed using anti-GFP and anti-FLAG antibodies. The experiment was biologically repeated at least three times. C, predicted binding mode of FBXL14 and the WRPW motif. Peptide-binding interface of the FBXL14 leucine-rich domain, from the MD simulation. The CH3 group of blocked acetyl at N terminus is shown as a sphere. Carboxyl oxygen and amino nitrogen atoms are colored red and blue, respectively. D, detailed view of the key interactions between the WRPW motif and FBXL14 leucine-rich domain. E, the WRPW motif was critical for HES1 degradation. Stably expressing 3ϫ FLAG-3ϫ HA-HES1 WT or 3ϫ FLAG-3ϫ HA-HES1 ⌬C F9 cells were treated with CHX for the indicated times, and then the cells were harvested for Western blotting to detect the protein level changes of HES1. The error bars represent S.D. from three independent experiments. F, SCF FBXL14 complex did not degrade HES1 ⌬C mutant. Stably expressing 3ϫ FLAG-3ϫ HA-HES1 or 3ϫ FLAG-3ϫ HA-HES1 ⌬C mutant F9 cells were transfected with luciferase, RBX1, CUL1, or FBXL14 siRNAs. Cell lysates were immunoblotted (IB) for the indicated proteins. The protein levels in the blots were quantified and plotted at the bottom. The error bars represent S.D. from three independent experiments. The significance of statistical difference was calculated by paired two-sided Student's t test (**, p Ͻ 0.01). G, WRPW motif was essential for SCF FBXL14 catalyzing HES1 ubiquitination. 293T cells were co-transfected with pMSCV-3ϫ FLAG-3ϫ HA-HES1 or pMSCV-3ϫ FLAG-3ϫ HA-HES1 ⌬C, pEGFPC2-FBXL14, or pEGFPC2-FBXL14 ⌬F and pRK5-HA-Ub as indicated for 44 h followed by incubated with MG132 for 4 h, and the cells were harvested for immunoprecipitation using anti-HES1 antibody under denaturing condition and immunoblotted with anti-HA antibody. Whole-cell extracts (WCE) were immunoblotted with anti-GFP and anti-HA antibodies to indicate expression of exogenous FBXL14 and HES1. The experiment was biologically repeated at least three times.
To further understand the interaction between HES1 and FBXL14 observed above, we predicted the possible binding mode between the WRPW motif of HES1 and the LRR domain of FBXL14, using theoretical calculations (Fig. 4, C and D) . The structure of FBXL14-LRR domain was modeled using multiple homology templets and verified by predicted secondary structures of the full-length FBXL14. Then the structure of the WRPW motif was docked into the FBXL14-LRR using a holistic molecular docking pipeline HoDock (44, 45) . The predicted complex structure maintained stable during subsequent molecular dynamics (MD) simulation for further optimization. In this model (Fig. 4C) , the positively charged side chains of tryptophan (Trp 272 ) and arginine (Arg 273 ) in WRPW motif bind into a deep negatively charged pocket on the ␣-helix side of FBXL14-LRR domain. Furthermore, Pro 274 and Trp 275 could also provide hydrophobic interactions with the residues located around the binding pocket, such as Trp 121 on the LRR domain (Fig. 4D) . Taken together, these predictions provide us a possible model about how the WRPW motif and FBXL14 interact. However, whether the WRPW motif itself is sufficient to bind FBXL14 needs to be clarified in future work.
We also noticed that the protein level of HES1 ⌬C is higher than that of HES1 WT, indicating that FBXL14 promoted HES1 WT degradation rather than HES1 ⌬C. Therefore, we tested the possibility that the WRPW motif was critical for HES1 degradation mediated by SCF FBXL14 via measuring the half-life of wild-type and the ⌬C mutant of HES1. Notably, we found that the half-life of HES1 ⌬C mutant was indeed significantly increased compared with that of wild-type HES1 (Fig. 4E ). We also found that the protein level of wild-type HES1 was increased after deletion of RBX1, CUL1, or FBXL14, whereas the change of HES1 ⌬C mutant protein level was not observed (Fig. 4F) . These studies indicate that the WRPW motif is required for HES1 degradation mediated by the SCF FBXL14 complex.
To further investigate the effect of FBXL14 on HES1 and HES1 ⌬C mutant, 293T cells were co-transfected with pRK5-HA-Ub, pMSCV-3ϫ FLAG-3ϫ HA-HES1 or pMSCV-3ϫ FLAG-3ϫ HA-HES1 ⌬C mutant, and pEGFPC2-FBXL14 or pEGFPC2-FBXL14 ⌬F (F-box deletion mutant) for 44 h, and MG132 was added 4 h before cell harvesting. The lysates were immunoprecipitated with anti-HES1 antibody under denaturing conditions, and immunocomplexes were analyzed with anti-HA antibody. The expression of GFP-FBXL14 dramatically increased the ubiquitination of HES1 compared with the control (without GFP-FBXL14 or GFP-FBXL14 ⌬F) and GFP-FBXL14 ⌬F mutant (Fig. 4G) . Despite co-expression of GFP-FBXL14, polyubiquitylation of HES1 ⌬C was significantly less than that of HES1 WT, indicating that the WRPW motif of HES1 was required for SCF FBXL14 -mediated ubiquitination (Fig. 4G ). Thus, our data supported that the WRPW motif was required for efficient SCF FBXL14 -mediated HES1 ubiquitination and degradation.
Lysine 83 and lysine 106 are potential sites for SCF FBXL14 -mediated HES1 ubiquitination
We further analyzed the lysines that may be involved in SCF FBXL14 -mediated HES1 ubiquitination. We mutated lysines 24, 64, 71, 83, and 106 to alanines, respectively. HES1 mutants bearing K24A, K64A, or K71A were also sensitive to CUL1 knockdown, and the changes of protein levels were similar to WT, whereas K83A and K106A mutants showed partial sensitivity to CUL1 knockdown, and the protein levels only increased ϳ60% compared with WT (Fig. 5, A and B) . Double mutant K83A/K106A presented more resistant to CUL1 knockdown (Fig. 5, A and B) . The in vivo ubiquitination assay also showed that the ubiquitination of the K83A/K106A mutant was reduced compared with that of HES1 WT in the presence of FBXL14 (Fig. 5C) . These results indicate that lysines 83 and 106 are involved in SCF FBXL14 -mediated HES1 ubiquitination. Consistent with our result, Lys 83 and Lys 106 had been identified as ubiquitination sites by Wagner et al. (46) in a mass spectrometry-based proteome-wide ubiquitination sites analysis. However, there was still residual ubiquitination presented in the double mutant K83A/K106A, indicating that other ubiquitination sites could have a role (Fig. 5C ).
SCF FBXL14 -mediated degradation of HES1 stimulates neuronal differentiation
HES1 is highly expressed in ES cell, neural stem cell, and pluripotent tumor cell (such as F9), and its oscillation plays a crucial role in stem cell maintenance, proliferation, and differentiation (47) . To investigate whether HES1 degradation mediated by SCF FBXL14 plays a role in ES cell differentiation, we knocked down HES1, RBX1, and FBXL14 in mouse ES and F9 cells, respectively. We found that HES1 knockdown led to a markedly increase of mRNA level of neuron markers, including Mash1 and Tuj1, whereas RBX1 knockdown led to neuron marker genes suppression in mES cells (Fig. 6A) . Similar experiments were performed in F9 cells. F9 cells tended to grow in focal clumps. HES1 knockdown resulted in branch-like extension of F9 cells (Fig. 6B, red arrowheads) , accompanied by an increased expression of neuron marker genes (Fig. 6C ), indicating F9 cells differentiated toward neuron cells. Co-silencing of HES1 and FBXL14 induced the reacquisition of a compact phenotype and blocked the expression of neuron marker genes (Fig. 6, B and C) . These data suggest that SCF FBXL14 -mediated HES1 degradation promotes neuronal differentiation of stem cell (ES) and stem cell-like cells (F9) (Fig. 6C ).
Discussion
SCF FBXL14 acts as the E3 ubiquitin ligase to target HES1 for its degradation
It is believed that the rapid degradation of HES1 by ubiquitin proteasome system is critical for its oscillation. However, little is known about how HES1 stability is regulated by the ubiquitin proteasome system. The identification of E3 ubiquitin ligase for specific substrates has always been difficult, because of the transient interactions, the rapid degradation by the 26S proteasome, and the incompletely defined E3 recognition mechanism (48) . Here we show that HES1 proteasome degradation is regulated by SCF FBXL14 ubiquitin ligase. First, the loss of any components of the SCF FBXL14 complex, as well as proteasome inhibition, results in elevated HES1 protein level (Figs. 1-3) . Conversely, FBXL14 overexpression enhances HES1 degrada-SCF (FBXL14)-mediated HES1 proteolysis tion (Fig. 3G) . Second, HES1 associates with SKP1, CUL1, and FBXL14 in vivo (Figs. 2D, 3H, and 4B) . Third, the SCF FBXL14 complex promotes HES1 ubiquitylation in vivo (Figs. 3I and 4G). Taken together, our results demonstrate that HES1 is a substrate of SCF FBXL14 .
FBXL14 has been reported to modulate ubiquitin-dependent proteolysis of Mkp3 (mitogen-activated protein kinase phosphatase 3) to regulate vertebrate axis formation in zebrafish (42) , suggesting a possible role for SCF FBXL14 to function as a developmental timer. Because the mRNA level of Fbxl14 does not oscillate (Fig. 3J) , it is possible that post-translational modification of HES1 protein regulates its recognition by FBXL14. In mammalian cells, FBXL14 has been demonstrated to interact with both phosphorylated and non-phosphorylated SNAI1, leadingtoSNAI1degradation (39) .WhetherHES1-specificphosphorylation or other motifs are required for FBXL14 recognition needed to be further determined. Moreover, FBXL14 expression is potently down-regulated during hypoxia, a condition causing an increase of SNAI1 protein rather than its mRNA level (39) . In annulus fibrosus cells, HES1 protein level but not its mRNA level was elevated after 24 h of hypoxia (49) . However, the underlying mechanism is not fully understood. Because FBXL14 functions as a ubiquitin E3 ligase to promote HES1 degradation, hypoxia-induced down-regulation of FBXL14 may reduce HES1 ubiquitination and degradation in annulus fibrosus cells.
SCF FBXL14 -mediated HES1 ubiquitination is necessary for HES1 oscillation
All cultured cells used in our experiments express HES1, but without serum stimulation, HES1 expression level seems to be stationary. In fact, HES1 expression is oscillating at single cell level. In the absence of serum stimulation, HES1 oscillations are just out of synchrony between cells (10, 20) . HES1 oscillation was elucidated to be regulated by Notch (12) , Jak2-Stat3 (20) , BMP, LIF (11) pathways, and miRNA-9 (21, 22) at a transcriptional level. HES1 ultradian oscillation is also regulated by metabolic intermediates such as reactive oxygen species via intracellular calcium signaling (13) . Here, we have demonstrated that SCF FBXL14 regulated HES1 oscillation at protein level. Transcriptional auto-suppression and SCF FBXL14 -mediated HES1 degradation reach an equilibrium that makes it oscillate with a precise time interval. Alteration of the synthesis and degradation rates changes the period of oscillation (6) . Therefore, the fine-tuning of oscillatory behavior of HES1 makes it a rhythmic composer to regulate pluripotent cell (ES, EC, neural stem cell) maintenance, proliferation, and differentiation. Figure 5 . Lysines 83 and 106 were potential ubiquitination sites for SCF FBXL14 -mediated HES1 ubiquitination. A, lysine mutants screening. Stably expressing 3ϫ FLAG-3ϫ HA-HES1 WT or mutants (as indicated) F9 cells were transfected with luciferase or CUL1 siRNAs for 45 h, and cell lysates were immunoblotted using indicated antibodies. Histone H3 was taken as loading control. B, quantification of the relative protein levels of HES1 and mutants in A. The quantification of protein levels was measured as in Fig. 1A . The statistical difference between the control group (WT) and experimental groups (K24A, K64A, K71A, K83A, K106A, and K83A/K106A) was measured. The error bars represent S.D. from three independent experiments. The significance of statistical difference was calculated by paired two-sided Student's t test (**, p Ͻ 0.01). C, HES1 was ubiquitinated by FBXL14 through lysines 83 and 106. 293T cells were co-transfected with pMSCV-3ϫ FLAG-3ϫ HA-HES1 or pMSCV-3ϫ FLAG-3ϫ HA-0HES1 (K83A/K106A), pEGFPC2-FBXL14, and pRK5-HA-Ub as indicated for 44 h followed by incubation with MG132 for 4 h, and the cells were harvested for immunoprecipitation (IP) using anti-HES1 antibody under denaturing condition and immunoblotted with anti-HA antibody. Whole-cell extracts (WCE) were immunoblotted with anti-GFP and anti-HA antibodies to indicate expression of exogenous FBXL14 and HES1. The experiment was biologically repeated at least three times.
SCF (FBXL14)-mediated HES1 proteolysis Conserved WRPW motif is required for SCF FBXL14 -mediated HES1 degradation
It has been reported that the WRPW motif mediates the proteasome degradation of HES6 (50) . The WRPW motif has been shown to be sufficient for acceleration of proteolysis because it fused to two heterologous proteins, the GFP of Aequoria victoria, and Gal4 DNA-binding domain of Saccharomyces cerevisiae (50) . The WRPW motif is highly conserved among the HES family members. Similarly, our data reveal that the conserved WRPW motif is essential for HES1 degradation (Fig. 4) . Deleting the WRPW motif of HES1 weakens the association between HES1 and FBXL14, prevents ubiquitination of HES1, and thereby stabilizes HES1 (Fig. 4) .
SCF FBXL14 knockdown represses neuronal differentiation
During embryonic development, HES1 oscillation is required for maintenance of neural stem cells. During neuronal differentiation, HES1 protein level is down-regulated, and its oscillation is damped, which causes up-regulation of proneural factors and directs the neural stem cells toward neuronal differentiation (47) . Here, we show that SCF FBXL14 regulates HES1 degradation and oscillation. SCF FBXL14 knockdown led to suppression of neuronal differentiation (Fig. 6 ). Deletion of FBXL14 has been reported to associate with the neurological disorders (43) . Our studies suggest that, to some extent, these phenotypes may be due to aberrantly elevated HES1 levels, because FBXL14-dependent HES1 degradation is significantly impaired by deletion of FBXL14.
In summary, this research solves a long-standing puzzle regarding the regulation of HES1 ubiquitination by demonstrating that SCF FBXL14 targets HES1 for ubiquitination and degradation, which may be indispensable for HES1 oscillation during embryonic development. To our knowledge, this is the first E3 ligase that has been discovered to mediate the regulation of ultradian oscillation. The regulatory mechanism may facilitate our understanding of mouse somitogenesis, neuronal differentiation, and some human neurological disorders.
Experimental procedures
Cell lines and serum stimulation
Mouse embryonic stem cell RW.4, mouse embryonal carcinoma F9 cells, human kidney 293T cells were purchased from American Type Culture Collection and cultured as described (51) . 
SCF (FBXL14)-mediated HES1 proteolysis Antibodies, immunoprecipitation, and Western blotting
Anti-FLAG antibody (F1804) was purchased from Sigma-Aldrich. Anti-HA (sc-57592), anti-tubulin (sc-5546), goat antimouse IgG-HRP (sc-2005), goat anti-rabbit IgG-HRP (sc-2004) antibodies were from Santa Cruz Biotechnologies (Dallas, TX). Anti-SNAI1 antibody (13099 -1-AP) was from Proteintech Group (Wuhan, China), anti-histone H3 antibody (ab1791) was from Abcam (San Francisco, CA), and anti-Ub (3936) was from Cell Signaling Technology. Anti-CUL1, anti-CUL4A/CUL4B, and anti-RBX1 antibodies were homemade rabbit polyclonal antibodies as described (52, 53) . Anti-HES1 antibody was homemade rabbit polyclonal antibody using 6ϫ His-tagged full-length human HES1 (translation coding AAH39152.1) as the antigen. Immunoprecipitation and Western blotting were performed as described (51) .
siRNAs and transfection
For siRNA-mediated silencing, F9 cells were transfected with 50 nM siRNAs for 48 h using DharmaFECT transfection reagent (catalog no. T-2001-03; Thermo Fisher Scientific Inc.). To prevent potential off-target effects of siRNAs, at least two pairs of siRNAs against each gene were designed and used. All of the siRNA experiments were repeated at least three times to ensure consistent results. The cells were transfected with recombinant plasmid by using jetPRIME (catalog no. 114-15; Polyplus-transfection Inc.) for 24 -48 h, and the cells were harvested and analyzed. The sequences of the siRNAs are Mouse_RBX1_1, 5Ј-GGGACAUUGUGGUUGAUAAUU-3Ј; Mouse_RBX1_2, 5Ј-AGUGGGAGUUCCAGAAGUAUU-3Ј; Mouse RBX2, 5Ј-CCAAAGAAUCGGCAAAUGAUU-3Ј; Mouse_CUL1_1, 5Ј-GCAAAGUGCUGAAUGGAAUUU-3Ј; Mouse_CUL1_2, 5Ј-ACACAGAGUUUCAGAAUUUUU-3Ј; Mouse_CUL2, 5Ј-GCACAACGCCCUCAUUCAAUU-3Ј; Mouse CUL3, 5Ј-GAA-AGAAACAAGACAGAAAUU-3Ј; Mouse CUL4A, 5Ј-GCAC-GAGUGCGGAGCUGCGUU-3Ј; Mouse CUL4B, 5Ј-AAGCC-UAAAUUACCAGAAAUU-3Ј; Mouse CUL5, 5Ј-CUACUGA-ACUGGAGGAUUUUU-3Ј; Mouse CUL7, 5Ј-GGAAGAAGC-CAUUGGAGAAUU-3Ј; Mouse_HES1, 5Ј-AGGCGAAGGG-CAAGAAUAAUU-3Ј; Mouse_FBXL14_1, 5Ј-GCACAGAAA-CUGGAACUAAUU-3Ј; Mouse_FBXL14_2, 5Ј-GCCAGAAA-CUCACGGAUCUUU-3Ј; and luciferase, 5Ј-CUUACGC-UGAGUACUUCGAUU-3Ј.
Real-time quantitative PCR (RT-qPCR)
Total RNA was extracted with the TRIzol reagent (Invitrogen), and reverse transcription was performed using a transcription first-strand cDNA synthesis kit (Roche). The mRNA levels of the target genes were quantified by real-time PCR using SYBR green (TaKaRa) in an ABI Prism 7300 real-time PCR system (Applied Biosystems). The sequences of the primers used for quantitative PCR (qPCR) are Cul2_Mouse_F, 5Ј-TGGTCAAAGAACAAGCCCCT-3Ј; Cul2_Mouse_R, 5Ј-GCCTAGACTTACCTGAACTCCC-3Ј; Cul3_Mouse_F, 5Ј-GTGCACCTTGCTGTGCTTG-3Ј; Cul3_Mouse_R, 5Ј-GCC-AGCATTGCCCAACAAAT-3Ј; Cul5_Mouse_F, 5Ј-CCACG-TTTCAGTTGGCTGTG-3Ј; Cul5_Mouse_R, 5Ј-AGCATCT-GGGAGTTCCGTTG-3Ј; Cul7_Mouse_F, 5Ј-GAGCGCGTT-CTGGACTACGATA-3Ј; Cul7_Mouse_R, 5Ј-AAGTGGGGG-ATCTTTGGCTTC-3Ј; Hes1_Mouse_F, 5Ј-GACGGCCAAT-TTGCCTTTCTCATC-3Ј; Hes1_Mouse_R, 5Ј-TCAGTTCC-GCCACGGTCTCCACA-3; Dll1_Mouse_F, 5Ј-CAGATAAC-CCTGACGGAGGCTACA-3Ј; Dll1_Mouse_R, 5Ј-GGAGGA-GGCACAGTCATCCACATT-3Ј; Tuj1_Mouse_F, 5Ј-ACGC-ATCTCGGAGCAGTT-3Ј; Tuj1_Mouse_R, 5Ј-CGATTCCT-CGTCATCATCTTC-3Ј; Mash1_Mouse_F, 5Ј-CCATGAGG-AGGATTTCTG-3Ј; Mash1_Mouse_R, 5Ј-CGTAGGCTGTT-CGTAGTT-3Ј; Actin_Mouse_F, 5Ј-GTTACCAACTGGGAC-GACA-3Ј; Actin_Mouse_R, 5Ј-CCAGAGGCATACAGGGAC-3Ј; Fbxl14_Mouse_F, 5Ј-CGTTCTGTGACAAGGTG-GGA-3Ј; and Fbxl14_Mouse_R, 5Ј-GCTCAGGTGCTCA-GCGATC-3Ј.
Semi-quantitative RT-PCR
Total RNA was extracted with the TRIzol reagent (Invitrogen). For Fbxl14 amplification, 1 g of total RNA were reversetranscribed with a Takara PrimeScript RT reagent kit according to the manufacturer's instructions, and 100 ng of cDNA was used as template in semi-quantitative RT-PCR. Actin was taken as a reference gene.
Computational methods
The homology modeling was carried out using Modeler 9.18 software. The structure of the LRR domain (residues 46 -400) of FBXL14 was predicted using two ribonuclease inhibitor (RNH1) proteins from different species (Protein Data Bank codes 2BEX and 2BNH) as the templets. The overall sequence identities to the target sequence are both ϳ27%. The secondary structures were predicted by SPI-DER2. The structure with sequence Ac-SDSMWRPWRN containing the WRPW motif (Protein Data Bank code 2CE9) was then docked into the LRR domain structure using HoDock.
MD simulations were carried out using GROMACS 4.5.4 software with the RSFF2 force field (54) . The complex was solvated in an octahedron box (length, 75 Å) of TIP3P water and neutralizing Cl Ϫ or Na ϩ ions. Productive NPT simulation was carried out at 300 K for 150 ns. Structures were recorded every 1.5 ps. Binding free energy in each structure was estimated with the GBSA model using the MMPBSA.py tool from Amber 14. The snapshot with the lowest binding free energy was finally chosen. PyMOL 1.2 was used for protein structure visualization.
Statistical analyses
Paired two-sided Student's t test was performed to measure the significance of statistical difference between the control group and the experimental group. p Ͻ 0.05 was considered statistically significant.
